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Prebiotics, Probiotics, Postbiotics = Functional foods

…since then
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To study the effect of foods on the gut microbiota, there are three 

approaches, which can also be complementary or substitutes

1)

2)

3)

Clinical
trials

Animal
models

in vitro 
models

● Gold standard
● Variability

● Expansive 
● Time cost

● Healthy subjects

● Host Interaction

● in vivo
● Variability

● Ethical issues
● Growing stage
● Traslatability

● Short time
● Traslatability
● Pre-clinical

● Host interaction

●Variability
● Simulation

The role of in vitro gut models



Reading model

(Gibson et al. 1988)

PolyFermS with mock 

community

(Zihler Berner et al. 2013)

SHIME ProDigest

(Van den Abbeele et al., 

2010)

Standardization/

reproducibility 

different models for different applications

SINGLE BATCH

complexity

in vivo resemblance
«SHORT TERM» days «LONG TERM» weeks

The evolution of in vitro gut models to study functionalities of foods

• Pre-clinical Screening

• Precision Nutrition

• Personalized Nutrition



ANTIBIOTICS

Byproducts 
enriched 

bread

Spirulin-
enriched 

bread

NOx free 
salami

Milk Whey

Hempseed 
bran

Prebiotic 
supplement

Amoxicillin

REFORMULATION 
AND COOKING 

METHODS

LACTOSE-FREE
PRODUCTS

FOOD
 SUPPLEMENTS

Frying 
vs 

Roasting

• Food Bioscience, 53, 102568, ISSN 2212-4292 https://doi.org/10.1016/j.fbio.2023.102568.
• Food & Function (14), 3509-3525, https://doi.org/10.1039/D3FO00085K
• Scientific Reports 13, 1552. https://doi.org/10.1038/s41598-023-27726-w.
• Int. J. of Food Sc. and Tech. 58(8) 4485-4494 https://doi.org/10.1111/ijfs.16253.
• Appl. Microb. and Biotech.106, 7595-7614, https://doi.org/10.1007/s00253-022-12223-3
• Food Res. Int., 111702. https://doi.org/10.1016/j.foodres.2022.111702
• Foods 10(10), 2371 https://doi.org/10.3390/foods10102371
• Food & Function 12, 10226 - 10238.DOI: 10.1039/D1FO01239H
• Nutrients, 27;13(3):787. https://doi.org/10.3390/foods10102371
• Food Chemistry, 2023 in press

• Metabolites, 12, 736. https://doi.org/10.3390/metabo12080736
• FEMS Microbiology Letters, 367(12), 1-10 fnaa097 https://doi.org/10.1093/femsle/fnaa097

Published papers 2020-2023

Experimental implementation of MICODE
to study the impact of foods or food supplements on gut microbiota

Functional 
GF breads

https://doi.org/10.1016/j.fbio.2023.102568
https://doi.org/10.1039/D3FO00085K
https://doi.org/10.1111/ijfs.16253
https://doi.org/10.1007/s00253-022-12223-3
https://doi.org/10.1016/j.foodres.2022.111702
https://doi.org/10.3390/foods10102371
https://doi.org/10.1039/D1FO01239H
https://doi.org/10.3390/foods10102371
https://doi.org/10.3390/metabo12080736
https://doi.org/10.1093/femsle/fnaa097


+ QCs
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MICODE workflow
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focus of this research

+
bran

BY-PRODUCT

SEEDS 

from 

Hemp      

FOOD SUPPLEMENT         

ANTI-OXIDANT   PREBIOTIC     

• Gluten free
• Omega3/Omega6 = 2
• Rich in proteins, AAs
• Rich in fibers, minerals
• 5 Billion market size

20% of wastes from 
whole seed 

decortication



Materials and methods

+ QCs

HB = 

Hemp seed bran

HBPA = 

alcalase treated HB

FOS = 

Fructoligosaccharides



Results*

1) METABOLOMICS (SPME GCMS, ANOVA & Multivariate)
presented as boxplots, PCA & MANOVA

2) MICROBIOMICS (16S MiSeq, qPCR, ANOVA+)
presented as biodiversities, metataxonomy & Log2(F/C)

3) INTEROMICS (Spearman, Clusters)
presented as two-way heatmap with dendrograms



METABOLOMICS: Production of beneficial VOCs

HBPA FOS HB Blank
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To a lesser extent than FOS, 
HPBA is capable of increasing 
the abundance of the three 

SCFAs and two MCFAs. Notably, 
HPBA is capable of producing 
about twice as much hexanoic 

acid as FOS

BASELINE

• Mucosal homeostasis
• Energetic metabolism
• Postbiotic substrates
• Anti-inflammatory
• Anti-oxidants
• GALT inducers

Semi quantified with internal standard 4-methyl. 2-pentanol



METABOLOMICS: Modulation of negative VOCs

HBPA FOS HB Blank
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As FOS, HPBA can 
modulate the microbiota 

to produce fewer negative 
compounds such as 

Phenol, p-Cresol, 
Benzaldehyde

BASELINE

Semi quantified with internal standard benzyl alcohol

• Catabolism trp, tyr, phe
• Mucosal damages
• Dysbiosis inducers
• Pro-inflammatory
• Lipid-oxidants

• Proteolytic fermentation



1,8-Menthadien-4-ol
Cuminol

4-Terpineol
Eucalyptol

Borneol

D-Limonene
Caryophillene

7-Tetradecene (Z)

Discrimination time- and 
sample-dependent

Renown 
Bioactives

METABOLOMICS: Volatilome reconstruction

Volatilome = VOCs complex of an ecosystem



MICROBIOMICS: Biodiversities

Reduction in 
microbiota richness 
after fermentation, 

but similar compared 
with FOS

Increased microbiota 
abundance in respect 
to the baseline, but 

similar when 
compared with FOS

HBPA-induced 
microbial ecology 

similar to that 
induced by FOS

Beta-diversity

Alpha-diversity

Alpha-diversity
Microbiome 
eubiosis is 
maintained



MICROBIOMICS: Shifts in the abundance of beneficial taxa

The major changes observed with HPBA are the increase in "probiotics" Bifidobacteriaceae and Lactobacillales, 
beneficial taxa such as Faecalibacterium and Akkermansia, and fibrolytic taxa such as Bacteroides

1)

2)

3)

4)



The major changes observed with HPBA are the reduction of opportunistic and pathobiont taxa of the 
sulfate-producing Enterobacteriaceae, Clostridiaceae, and Collinsella spp.

1)

2)

3)

4)

MICROBIOMICS: Shifts in the abundance of opportunistic taxa



INTEROMICS: prebiotic potential

The prebiotic index indicates:

FOS > HBPA > HB

qPI = qPCR Prebiotic Index #

In the HBPA dataset, cluster 3 contains the variables 
describing the prebiotic potential of HPBA: MCFAs, 
terpenes, B. bifidum, F. prausnitzii and Sutterella

HBPA correlations bacteria/metabolites
Prebiotic Index



Take home messages

HBPA exerts functionalities towards the gut microbiota of healthy humans

(EU 2010/63)

I) More production of SCFAs & MCFAs

II) Reduction of phenols & indoles

III) Release of bioactives

IV) Increased abundance of beneficial taxa

V) Reduced abundance of opportunistic taxa

VI) Retention of Eubiosis

VII) Prebiotic signature

postbiotic HBPA will soon be tested on cell line models

Postbiotic = preparation of inanimate microorganisms and/or 
their components that confers a health benefit on the host



The Food Microbiology group at University of Bologna
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